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Bacterial energy transductionNa+-NQR is a unique energy-transducing complex, widely distributed among marine and pathogenic bacte-
ria. It converts the energy from the oxidation of NADH and the reduction of quinone into an electrochemical
Na+-gradient that can provide energy for the cell. Na+-NQR is not homologous to any other respiratory pro-
tein but is closely related to the RNF complex. In this review we propose that sodium pumping in Na+-NQR is
coupled to the redox reactions by a novel mechanism, which operates at multiple sites, is indirect and medi-
ated by conformational changes of the protein. This article is part of a Special Issue entitled: 17th European
Bioenergetics Conference (EBEC 2012).
© 2012 Elsevier B.V. All rights reserved.1. Introduction
It is generally considered that conservation of energy during respi-
ration is a process that involves the transport of protons across bio-
logical membranes. In mitochondria, and in most bacteria and
archaea, the major enzyme complexes of the respiratory chain con-
tribute to the generation of a proton electrochemical gradient that is
used as an energy source [1,2]. However, in certain marine and path-
ogenic bacteria, Na+ gradients have an essential parallel role in pri-
mary conservation of energy, as well as in ionic homeostasis [3–5].
One of the most important Na+ transporters in bacteria, is the Na+-
pumping NADH:quinone oxidoreductase (Na+-NQR), which has the
ability to directly couple electron transport to the generation of a so-
dium gradient.
Na+-NQR serves as the entry point for electrons into the respira-
tory chain, transporting electrons from NADH to the quinone pool,
and using the free energy of this reaction to pump Na+ across the
cell membrane. The resulting Na+ gradient provides power for cellu-
lar processes that include: ATP synthesis, rotation of the ﬂagellar
motor, transport of nutrients, and operation of the multi-drugone oxidoreductase; RNF, Rho-
-4-hydroxyquinoline N-oxide;
, membrane potential
uropean Bioenergetics Confer-
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rights reserved.transporter, which is responsible for resistance to some types of anti-
biotics [6–12].
Consistent with its function, which combines redox reactions and
Na+ transport, Na+-NQR has several distinctive structural and func-
tional properties. The evidence indicates that Na+-NQR is not a vari-
ant of the typical respiratory enzymes or Na+ transporters, but has
features in common to both types of enzymes. Na+-NQR is closely re-
lated to a family of enzymes known as RNF, originally described as
Rhodobacter nitrogen ﬁxation protein. Members of the RNF family
are a diverse group of redox linked Na+ pumps, involved in a variety
of physiological roles [13–17]. Due to the similar composition of sub-
units and cofactors, it is highly likely that RNF and Na+-NQR operate
through the same basic mechanism.
In this review, we summarize advances in mechanistic studies on
Na+-NQR together with some relevant aspects of the RNF family. We
discuss new evidence indicating that coupling between the redox re-
actions and the transport of Na+ is indirect, and possibly mediated by
conformational changes of the protein.
2. Distribution of Na+-NQR
Na+-NQR was originally discovered and characterized in the ma-
rine bacteria Vibrio alginolyticus, by the research groups of Unemoto
and Dimroth [18–21]. For many years the enzyme was thought to
be largely conﬁned to marine species, possibly representing an adap-
tation to the high Na+ content of seawater [22–25]. However,
Hayashi et al. also found Na+-NQR in Haemophilus inﬂuenzae, which
is an airborne human pathogen [26]. Subsequently, with the advent
of whole-genome sequencing, Na+-NQR has been found in the
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mydia trachomatis, Yersinia pestis, Neisseria gonorrhoeae, Pseudomonas
aeruginosa, and Porphyromonas gingivalis [27]. To date, the enzyme
has been found in more than 100 different bacteria, including numer-
ous marine and pathogenic species, as a well as in other groups
of bacteria.
3. Biochemical properties
The net redox reaction catalyzed by Na+-NQR is the same as that
carried out by the H+-pumping NADH:quinone oxidoreductase
(Complex I), found in mitochondria andmany bacteria [28]. However,
these two respiratory enzymes are not homologous and have a differ-
ent composition of cofactors and subunits, and likely a different cata-
lytic mechanism [29,30].
The initial evidence for the operation of a respiratory Na+ pump
came from experiments on sub-bacterial particles of V. alginolyticus
by Tokuda [31]. At high pH and high Na+ aerobic respiration was
able to generate a membrane potential, even in the presence of the
protonophore CCCP, indicating that the potential was due to pumping
of some ion other than H+. This led them to the discovery of a previ-
ously undescribed enzyme, the Na+-pumping NADH:quinone oxido-
reductase (Na+-NQR)[32]. Subsequently, the enzyme was isolated
and reconstituted into phospholipid vesicles [32–36]. In these prepa-
rations the redox reaction was shown to be accompanied by electro-
genic transport of Na+ into the vesicles. Since no other proteins were
present, this deﬁnitively showed that Na+-NQR is a redox-driven pri-
mary Na+ pump and that the Na+ gradient is not the result of a sec-
ondary process, such as the activity of an antiporter.
3.1. Polypeptide composition
Na+-NQR is an integral membrane complex made up of six sub-
units: NqrA through NqrF with a total molecular weight of aprox.
200 kDa [32,34–38] (Fig. 1). In most bacteria, the genes coding for
these subunits are organized into a single operon (nqr) that contains
six open reading frames. Of the six subunits, NqrB, D and E are very
hydrophobic, consisting largely of transmembrane helices. NqrF and
C have one and two helices, respectively that anchor them in the
membrane, but also include large cytoplasmic domains. NqrA, theFig. 1. Topology, cofactor and subunit composition of Na+-NQR.largest subunit in the complex, is hydrophilic and does not contain
any transmembrane helices. Topological studies, using reporter-
gene fusions have shown that NqrA is located on the cytosolic side
of the membrane [39]. NqrB contains nine transmembrane helices
and has its N-terminal located in the periplasmic space. It includes
the binding site for one of the two FMN cofactors and possibly for Ri-
boﬂavin, and its hydrophobic domains contain seven conserved, neg-
atively charged residues whose location and character make them
good candidates to be involved in Na+ translocation. NqrC includes
two transmembrane helices and has its N-terminal located in the
periplasmic space. The binding site for the other FMN cofactor is lo-
cated in the soluble domain of this subunit. NqrD and NqrE each
have six transmembrane helices, but they are situated in opposite ori-
entations in the membrane. In NqrD, the N and C termini are both lo-
cated on the cytoplasmic side of the membrane, whereas, in NqrE,
both are in the periplasm. These two subunits do not bind any cofac-
tor(s), but they include several conserved acid residues that are im-
portant for Na+ transport. NqrF has only one transmembrane helix,
which is attached to a large cytoplasmic domain, where the NADH
binding site together with the FAD and the 2Fe-2S cofactors are locat-
ed [35,40–47].
3.1.1. Catalytic activity: ion speciﬁcity
Quinone reductase activity is highly dependent on Na+ concentra-
tion. In the absence of Na+, the reaction proceeds very slowly (turn-
over number 60 s−1), but this activity is stimulated eight to nine
times by Na+ (kcat=460 s−1) with a KmNa+ of 2.5 mM. Recently,
we have shown that in addition to Na+, Na+-NQR can also translo-
cate Li+. Lithium stimulates enzyme turnover three times
(kcat=180 s−1), with a KmLi+ of 3.5 mM. Steady state kinetic mea-
surements using mixtures of Na+ and Li+ show that Na+-NQR con-
tains at least two cation-binding sites and that both ions compete
for these site(s). Moreover, the cation binding sites have positive
cooperativity: binding to the ﬁrst site increases the afﬁnity of the sec-
ond site by a factor of four. Equilibrium measurements using 22Na+
show that the enzyme can bind up to three sodium ions, and that nei-
ther the stoichiometry nor the binding afﬁnities at the three sites dif-
fer between the oxidized and reduced forms of the enzyme [48]. As
discussed below, this result has important implications for the mech-
anism of Na+ translocation.Electron transfer pathway and Na+ translocation are shown.
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enzyme reaction is affected by other ionic species. We have shown
that Na+-NQR also contains a regulatory site, where binding of K+ in-
creases the enzyme's activity 10–20% and the afﬁnity for Na+ by a
factor of two. Rubidium ions can also bind to this site, competing
with K+, but Rb+ has an inhibitory effect on the enzyme [48].
3.1.2. Catalytic activity: regulatory effect of Na+ on electron transfer
At high Na+ concentrations, essentially all of the electrons that
enter the enzyme from NADH are donated to quinone. However, at
lower Na+ concentrations, electrons can be diverted to O2, decreasing
the electron ﬂow to quinone. This probably occurs because the en-
zyme turns over more slowly in low sodium conditions, leading to
some of the cofactors remainingmore reduced (on average), thus cre-
ating a larger pool of electron donors for O2. Measurements with our
redox cofactor deletion mutants suggest that the electron leak occurs
at the 2Fe-2S center and FMNC [49].
3.1.3. Catalytic activity: inhibitors
Two different quinone analogs have been shown to inhibit the
quinone-reductase activity of Na+-NQR: korormicin and HQNO
[19,25,50,51]. The most potent of these, korormicin, is not currently
commercially available, but was reported to have a Ki of 80 pM and
to be highly speciﬁc. This compound is produced by the marine bacte-
rium Pseudoalteromonas sp. F-420 and inhibits growth of Gram-
negative marine and halophilic bacteria, whereas Gram-positive and
non-halophilic bacteria are insensitive [50]. In contrast, HQNO is a
weaker inhibitor with a Ki of 300 nM but can inhibit many other qui-
none reductase enzymes. Korormicin and HQNO are both quinone an-
alogs that occupy the same site on the enzyme and both exhibit non-
competitive inhibition with respect to quinone [51].
3.2. Substrate binding sites
NADH binds to the C-terminal soluble domain of NqrF, in a con-
served dinucleotide binding Rossman-fold motif (G-GGAGMAP and
Y-MCGPPMM), originally identiﬁed by Rich [52] and later corroborat-
ed by crystallographic studies on the NqrF subunits from V. cholerae
Turk et al. [53] and P. gingivalis (PDB ID:2R6H).
Electrons exit the enzyme to the acceptor ubiquinone-8, which
resides largely in the membrane. Although the location of the qui-
none binding site in Na+-NQR has not been conclusively estab-
lished, evidence suggests that it could be located in NqrA or B.
Hayashi et al. discovered a korormicin resistant strain of V. alginoly-
ticus by selecting for spontaneous mutants [52]. The nqr gene of
this strain contains the single point mutation, NqrB-G140V, sug-
gesting that this glycine residue is an essential part of the
korormicin-binding site. Since korormicin is a structural analog of
ubiquinone, it has been suggested that NqrB-G140 is part of the
site that binds quinone in the enzyme [52], although this interpre-
tation is made complicated by the fact that korormicin behaves as a
non-competitive inhibitor with respect to ubiquinone. In non-
competitive inhibition, the dissociation constant of the substrate is
not affected by the inhibitor concentration, which indicates that
the binding of the inhibitor does not interfere with binding of the
substrate, and in consequence they do not compete for the same
site. However, Eschemann et al. [53] have proposed a model that
explains non-competitive binding of a ubiquinone analog, HDQ, in
the alternative NADH dehydrogenase (NDH-2). In this model, the
inhibitor competes for the ubiquinone-binding site, and the enzyme
forms ternary complexes with NADH and the inhibitor. Clariﬁcation
of the mechanism by which HQNO and korormicin inhibit Na+-
NQR will require further studies.
There is evidence from photoafﬁnity labeling experiments indicat-
ing that the NqrA subunit contains a site at which a quinone can bind.
[54]. However, this has yet to be conﬁrmed by functional studies.3.3. Redox cofactors
Electrons from NADH are carried through the enzyme by ﬁve
redox cofactors: a non-covalently bound FAD and a 2Fe-2S center,
both located in NqrF [43,55]; two covalently bound FMNs, located in
NqrB and NqrC (FMNB and FMNC); and a non-covalently bound ribo-
ﬂavin, suggested to be in NqrB [36,40–42,44,46,47] [40,41,43,44,46,
47,52,55] (Fig. 1).
3.3.1. Non-covalently bound FAD
Early biochemical studies showed that Na+-NQR contains one
non-covalently bound FAD. Rich identiﬁed two highly conserved mo-
tifs (R/KAYS and GC/MS) in NqrF, on the basis of homology to an FAD
binding motif found in toluate 1,2-dioxygenase and benzoate 1,2-
dioxygenase, and proposed that this was where the FAD in Na+-
NQR is located [56]. Studies on the NADH:cytochrome b5 reductase,
which contains the same motifs, revealed that the conserved Arg,
Tyr and Ser/Thr residues, are clustered in a Beta-barrel domain, form-
ing hydrogen bonds that stabilize the interaction with the ﬂavin
[57,58].
To test the predicted binding site, our group constructed site-
directed mutants, in which these three residues were individually
replaced by aliphatic groups (NqrF-R210, NqrF-Y212 and NqrF-
S246). In all of these mutants, the FAD was missing, deﬁnitively con-
ﬁrming that this is the site at which the non-covalently bound FAD is
attached in Na+-NQR [43]. These conclusions were later corroborated
by studies in which fragments of the soluble domain of the NqrF sub-
unit were expressed and crystallized. The resulting crystallographic
structures showed the presence of the FAD in the expected location,
with no indication of covalent attachment [55].
3.3.2. 2Fe-2S center
The binding motif of an iron-sulfur center (C70-X5-C76-X2-C79-
X30-33-C111) is also found in NqrF, and is conserved in all Na+-
NQRs [56]. An EPR signal characteristic of an iron-sulfur center
was ﬁrst observed by Dimroth in a sample of the reduced enzyme
and assigned as a 2Fe-2S center, based on the gxy value of 1.94
[35]. Although this demonstrated the presence of a 2Fe-2S center
in Na+-NQR, it did not show conclusively that the observed center
was bound to the motif in NqrF. To test this prediction, our group
used site-directed mutagenesis to individually remove each of the
putative cysteine ligands from the Na+-NQR of V. cholerae (C70,
C76, C79 and C111). Removal of any single cysteine prevents bind-
ing of the iron-sulfur center. The mutants that lack the 2Fe-2S cen-
ter have essentially no NADH:quinone oxidoreductase activity but
are able to carry electrons from NADH to ferricyanide. In contrast,
the mutants that lack FAD have neither activity. Together these re-
sults demonstrate that ferricyanide takes electrons from Na+-NQR
at the FAD cofactor [43].
3.3.3. Covalently bound FMN cofactors
The NqrB and C subunits each contain a covalently bound FMN.
The presence of these covalently bound ﬂavins was originally found
in the puriﬁed Na+-NQR, studied by SDS-PAGE, where glowing
bands, with the ﬂuorescence spectra of ﬂavins, were observed
when the gel was examined under UV illumination. After staining,
the ﬂuorescent bands were identiﬁed as the NqrB and NqrC sub-
units [36]. Since the conditions of the gel cause proteins to unfold,
the fact that the ﬂavins co-migrate with the protein subunits indi-
cates that they are covalently attached. Hayashi independently dis-
covered FMNs in NqrB and C and found that they are attached to
the protein in a novel way—they are bound by phosphoester
bonds to threonine residues [40,44]. In both subunits, the threonine
is the ﬁnal residue in a short conserved motif (S/TGAT) [42]. This
type of ﬂavin attachment is found only in the homologous subunits
in RNF (RNFD and RNFG) and the NosR protein, which participates
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onine residue is the only naturally occurring mode of covalent at-
tachment of FMN to proteins that does not involve binding to the
isoalloxazine moiety, and thus the only one that would not be
expected to perturb the spectra of the ﬂavin. [61]. It is worth noting
that when Na+-NQR is expressed in Escherichia coli the covalent at-
tachment of FMNs in NqrB and NqrC does not take place, suggest-
ing that a speciﬁc enzymatic process is required to form the
phosphoester linkage [42,61].
The two FMN cofactors have stable one-electron reduced (ﬂavose-
miquinone) forms. Both are anionic in character, meaning that one-
electron reduction is not accompanied by proton uptake. These species
were characterized by our group using EPR and ENDOR spectroscopy to-
getherwithmutants that lack either the FMNB or FMNC cofactors [62,63].
The fully reduced enzyme gives rise to a radical EPR signal that we
assigned as an anionic ﬂavosemiquinone. This signal is also present in
the NqrC-T225Y mutant, but not in the NqrB-T236Y mutant, and on
this basis was assigned to FMNB. The second anionic ﬂavosemiquinone
radical is observed primarily underweakly reducing conditions. This sig-
nal is present in the wild type enzyme and in the NqrB-T236Y mutant,
but not in the NqrC-T225Ymutant, and was assigned to FMNC. Although
the EPR spectra of the two anionic ﬂavosemiquinone species are almost
indistinguishable, they have clearly different ENDOR spectra. The FMNC
ﬂavosemiquinone, exhibits larger C(8alpha-methyl) splittings than the
one on FMNB [62,63].3.3.4. Riboﬂavin cofactor
One highly distinctive feature of Na+-NQR is that the enzyme con-
tains a molecule of Riboﬂavin as a bona ﬁde redox cofactor. Further-
more, Riboﬂavin forms an unusually stable neutral semiquinone,
which is essentially always found in the enzyme, as prepared (air-
oxidized).
The presence of this cofactor was ﬁrst revealed in our early bio-
chemical studies, where it appeared alongside the non-covalently
bound FAD, when the soluble fraction from the denatured enzyme
was analyzed by HPLC. The neutral ﬂavosemiquinone radical was
assigned to Riboﬂavin by using EPR spectroscopy to study a series
of mutants from which the other ﬂavins of the enzyme had been
removed. Mutant enzymes that lack the FAD, FMNC or FMNB, and
both FMNs (NrB-T236Y/NqrC-T225Y), all exhibit the neutral ﬂavo-
quinone EPR signal. The signal disappears when the enzyme be-
comes reduced, and it is not replaced by any other ﬂavin signal.
These results allow the neutral ﬂavosemiquinone radical to be
assigned to the Riboﬂavin cofactor. To better understand the role
of Riboﬂavin in the enzyme, we studied the reaction of ubiquinol
with the fully oxidized enzyme, a reaction in which electron ﬂow
occurs in the reverse of the usual direction. In wild type Na+-
NQR, only one process was observed: the reduction of the neutral
ﬂavosemiquinone to ﬂavohydroquinone. This demonstration of
electron ﬂow between Riboﬂavin and the electron accepting sub-
strate conﬁrmed that Riboﬂavin is a bona ﬁde redox cofactor.
When this experiment was repeated with mutants that lack FMNB
or FMNC, the reduction of the neutral ﬂavosemiquinone was again
observed, showing that neither FMNB nor FMNC is situated between
Riboﬂavin and ubiquinone in the sequence of electron carriers. This
conﬁrmed that Riboﬂavin is the ﬁnal cofactor in the sequence, and
the donor to ubiquinone [47].
Although the precise location of the Riboﬂavin cofactor remains
unknown, there is some evidence that it is located in NqrB. In the
NqrB-T236Y mutant, which lacks FMNB, the EPR spectrum of the Ri-
boﬂavin neutral radical is perturbed, suggesting that these two cofac-
tors are relatively close {Barquera, 2006 #155}. This is in agreement
with Casutt et al. who studied the composition of several subcom-
plexes of Na+-NQR, and concluded that Riboﬂavin is located in
NqrB [46].4. Na+-NQR and RNF family of proteins
The only close relatives of Na+-NQR are a widely distributed, but
little known, family of bacterial enzymes, known as RNFs, (Rhodobac-
ter nitrogen ﬁxation protein). RNF was originally discovered in Rho-
dobacter capsulatus, where it has an essential role in nitrogen
ﬁxation. Na+-NQR and RNF are the only enzymes known to operate
as redox-driven Na+ pumps. Na+ pumping by RNF has been demon-
strated in whole cells of Acetobacterium woodii [13,14] and sequence
similarities suggest that this property is common to all RNF enzymes.
Notably, all of the acid residues, shown to be involved in sodium
transport in Na+-NQR [64] are also conserved in the corresponding
subunits of RNF.
RNF participates in a number of physiological processes in differ-
ent prokaryotes, including nitrogen ﬁxation, anaerobic production of
NADH, and the sensing of oxygen radicals (Fig. 2) [13,14,17,65–69].
Depending on its role, RNF interacts with a variety of redox partners;
some of the reactions contribute energy to the Na+ gradient, while
others appear to consume energy from the gradient. In E. coli and
some other bacteria, RNF has been proposed to provide electrons to
the oxygen sensor SoxR. SoxR functions as a redox-sensitive tran-
scription factor that controls the response to oxidative stress in E.
coli and other bacteria. Suppression of this stress response depends
on SoxR being maintained in the reduced form by a continuous sup-
ply of electrons. It is believed that RNF obtains electrons by oxidizing
NADH and then donates them to SoxR [69]. Based on the midpoint
potentials of NADH and SoxR (−320 and −285 mV respectively)
[70], this should be a favorable reaction, and should not need to be
driven by energy from the Na+ gradient. This raises the possibility
that instead, RNF uses available energy from this redox reaction to
pump Na+ across the membrane.
4.1. Subunit and cofactor composition and topological organization
RNF is encoded in an operon made up of six or seven genes. In
some nitrogen ﬁxing bacteria, such as Azotobacter vinelandii and Pseu-
domonas stutzeri, there are two RNF operons, one containing seven
genes (RNFs A,B,C,D,G,E,H) believed to encode the version of RNF in-
volved in nitrogen ﬁxation and another with only six genes (rnfA,B,C,
D,E,F,G) which encodes an RNF with unknown function [71,72]. Many
other bacteria, including A. woodii, Rhodobacter sphaeroides, E. coli and
V. cholerae have only one RNF operon that contains seven genes
[14,15,67,73–75].
Subunits RNFA, D, and E, each contain multiple transmembrane
helices, while RNFB and G each have one or two helices that could
serve as membrane anchors. RNFC and H have no predicted trans-
membrane helices, and are likely to be peripherally associated with
the membrane. RNFH, has a sequence similar to that of endonuclease
III, and includes an iron-sulfur center-binding motif. This gene coding
for RNFH is present is present in the RNF operon from some sources,
but absent in others, and it remains to be determined whether
RNFH is part of the active RNF complex [76,77] (Fig. 3).
The RNF complex contains a number of substrate and cofactor
binding sites, including an NADH binding site, two 4Fe-4S centers
and two covalently bound ﬂavins. The NADH binding site motif is lo-
cated in RNFC. RNFB and RNFC each includes a motif for an iron-sulfur
center, and 4Fe-4S centers have been observed by EPR spectroscopy
in these subunits when they were expressed individually [65] In
RNFC, the region between residues 243 and 284 has been identiﬁed
as a potential FMN binding site [66], but biochemical analysis of the
RNFs from E. coli and V. cholerae has not revealed any non-
covalently bound ﬂavins. RNFD and RNFG contain sequences homolo-
gous to the FMN attachment sites (TMAT and S(T)GAT respectively)
in the corresponding Na+-NQR subunits, NqrB and C and covalently
bound FMNs have been found at these sites in individually expressed
subunits [59].
Fig. 2. Different physiological roles of RNF producing or consuming the ion (Na+) gradient. (A) Electron donation to nitrogenase in Rhodobacter sphaeroides. (B) Electron donation to
SoxR in E. coli. (C) Production of NADH in the anaerobe Acetobacterium woodii.
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redox cofactors and other important sites with respect to the
membrane. The NADH binding site in RNFC is located on the cyto-
plasmic side of the membrane, consistent with the physiological
location of NADH. The 4Fe-4S center binding motifs in RNFB and
RNFC both localize to the cytoplasmic side of the membrane
[66]. However, the ﬂavin binding motifs in RNFD and in RNFG,
both localize to the periplasmic side of the membrane [58] in con-
trast to Na+-NQR, whereas the corresponding sites are on the cy-
toplasmic side. In terms of our emerging picture of electron
transfer in Na+-NQR, locating the two FMNs on the periplasmic
side of the membrane would require an internal electron transfer
event to cross the membrane—an electrogenic event not observed
in Na+-NQR [75]. Experiments measuring the formation of mem-
brane potential by the enzyme reconstituted into vesicles, to eval-
uate the electrogenic character of individual reaction steps, asFig. 3. Topology, cofactor and sudescribed for Na+-NQR [64] would be of great help in clarifying
these questions.
5. Electron transfer reactions in Na+-NQR
To study the order in which electrons are transferred through the
different cofactors of the enzyme, the fast kinetics of reduction of
Na+-NQR by NADH (for the forward reaction) or ubiquinol-1 (for
the reverse ﬂow of electrons) were measured in a stopped-ﬂow spec-
trometer [49,78]. In these experiments the enzyme was mixed with
the substrate and the kinetics were followed in the UV–vis region.
By studying the wild-type enzyme and mutants lacking one or more
of the cofactors, we were able to conclusively demonstrate that elec-
trons follow the pathway shown in Fig. 4. [49].
In the initial step, NADH donates two electrons to the FAD cofac-
tor, which has a midpoint potential of −200 mV (vs SHE) [77],bunit composition of RNF.
Oxidized cofactor
FAD  2Fe2S  FMNC  FMNB  RibReduction
Reduced cofactor
Air oxidized
2e-
Electron split
2e- Sodium uptakeNa+
2e-
Na+ Sodium release
e- Non- physiological 
redox states
Fig. 4. Electron transfer pathway and Na+ translocation steps of Na+-NQR.
Na+e
NADH FAD 2Fe-2S
FMNC FMNB RibH• CoQ
FMNC• FMNB• RibH2 CoQH2
Na+i
2e e--
Fig. 5. Scheme showing the redox transitions for the reduction kinetics in Na+-NQR.
Open squares represent the oxidized state of the cofactor, and black squares the re-
duced form. The phases highlighted in gray show the transitions that are not part of
the catalytic cycle.
1828 O. Juárez, B. Barquera / Biochimica et Biophysica Acta 1817 (2012) 1823–1832close to that of the NADH/NAD couple [79]. This is the fastest step in
the process with a rate constant of 3500 s−1. Bogachev et al. have
shown that in the following step, one of the two electrons moves
from FAD to the 2Fe-2S center, producing the fully reduced state of
the iron-sulfur center and a ﬂavosemiquinone intermediate of FAD,
that can only be observed in ultra-fast freeze-quench experiments
[79]. This electron redistribution is relatively fast (1000 s−1) [79],
which is interesting, since the reaction seems to be unfavorable; the
midpoint potential of the 2Fe-2S center is more negative (−270 mV)
than that of FAD [80]. The authors reconcile this by suggesting that
themidpoint potentials of these centers could be different under steady
state conditions, than in equilibrium conditions. Apparently, the FAD
and the adjacent 2Fe-2S center function as an electron input adaptor
to facilitate the transition from the two-electron donor NADH to down-
stream cofactors, which undergo one-electron transitions linked to so-
dium translocation. It is worth noting that sodium pumping is driven
by one-electron redox transitions while both, the donor and acceptor
are two-electron carriers.
The third step in the pathway is the electron transfer from the
2Fe-2S center to FMNC, which is highly sensitive to sodium. In the ab-
sence of Na+, this reaction is slow (b30s−1) and it is stimulated ten
times (150 s−1) [49,78] by saturating amounts of the cation, with a
Km close to that obtained under steady state conditions (1–2 mM).
Our experiments show that this reaction is rate limiting and is
the main point at which electron transfer is regulated by Na+ [49].
We subsequently determined that this step is involved in sodium
capture [81].
In the fourth step electrons move from FMNC to FMNB. This is fol-
lowed by electron transfer from FMNB to Riboﬂavin, the ﬁnal electron
carrier in the enzyme [47,49]. Riboﬂavin has a midpoint potential of
−10 mV [77], relatively close to that of ubiquinone, +90 mV. The
one-electron reduced intermediates of FMNC and FMNB are not ob-
served until later steps in the reduction process that are too slow to
be part of the catalytic cycle of the enzyme. Our simulations (unpub-
lished results) show that, for this to be the case, the rate of electron
transfer from FMNC to FMNB and from FMNB to Riboﬂavin are both
above 500 s−1. In other words, once electrons pass the bottleneck,
of the 2Fe-2S center to FMNC step, they are almost immediately deliv-
ered to Riboﬂavin rendering these intermediates undetectable.However, the one-electron FMNC intermediate can be observed dur-
ing the reduction of NqrB-T236Y, which lacks FMNB [62].
The spectro-electrochemical titrations of Bogachev et al. have
shown that the midpoint potentials of FlH−↔ Fl one-electron transi-
tions of the two FMNs are −130 and −200 mV [80]. On the basis of
our data on the organization of the electron transfer pathway and
on the distance between the 2Fe-2S center and FMNB measured by
ESEEM [49,82], the authors proposed that these two potentials
could be assigned to FMNB and FMNC, respectively. However, these
assignments should be reevaluated by a more direct approach, such
as redox titrations monitored by ENDOR on wild type and mutants
that lack FMNB or FMNC.
The pathway of redox cofactors described above was determined
in large part by analyzing the reaction of NADH with the fully oxi-
dized wild type enzyme as well as mutants that lack speciﬁc cofac-
tors. Measurements by stopped-ﬂow methods (in the absence of
quinone) reveal several important aspects of the enzyme mechanism.
In the ﬁrst phase, the FAD cofactor accepts two electrons from NADH,
with a rate constant of >250 s−1 (Fig. 5). In the second phase two
more electrons enter the enzyme and the reaction produces an inter-
mediate in which the FAD remains reduced, and the 2Fe-2S center
and Riboﬂavin have each accepted an electron. Riboﬂavin is con-
verted from the neutral ﬂavosemiquinone radical to the fully reduced
ﬂavohydroquinone. As described above, the electron that is found in
the fully reduced Riboﬂavin has transited through FAD, the 2Fe-2S
center, FMNC and FMNB. The rate of the second kinetic phase is
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from 2Fe-2S to FMNC.
In the third phase, FMNC and FMNB each accepts an electron, lead-
ing to the formation of two anionic semiquinone radicals, while in the
fourth phase, FMNC accepts a second electron, converting it to the
fully reduced ﬂavohydroquinone state. The FMNB semiquinone per-
sists after the fourth phase, and the fate of the eighth electron (i.e.
the second electron from the fourth NADH) is not clear. It is worth
noting that the third and fourth phases are slow compared to the
turnover number and do not participate in the catalytic cycle. This in-
dicates that during normal turnover the ﬁve-electron-reduced state
(two electrons in FAD, one in the 2Fe-2S center and one added elec-
tron in Riboﬂavin) is the form of the enzyme that donates electrons
to ubiquinone. Thus, long before a six- or seven-electron reduced
state is reached, the electrons are delivered to the ﬁnal substrate
and these ﬁnal two phases of the reduction reaction must be consid-
ered non-physiological. However, these two reactions were very im-
portant because they allowed us to conﬁrm the participation of four
ﬂavins (instead of three) in the electron transfer reactions [49]. The
step in which the two anionic radicals are formed, deﬁnitively dem-
onstrated this point, and the step in which FMNC becomes two-
electron reduced explained the fact that in the fully reduced enzyme,
only one anionic radical (FMNB) is observed in EPR.
6. Structures involved in Na+ transport
In order to function as a selective Na+ pump, Na+-NQR must con-
tain structures that 1) allow Na+ to pass through the hydrophobic
core of the membrane and 2) provide cation speciﬁcity to the translo-
cation system. In other Na+ transporting proteins, the structures that
carry out these roles frequently include aspartate and glutamate res-
idues [83]. The negative charge of these amino acids facilitates bind-
ing of the positively charged Na+. To identify residues that could be
involved in this function, we used the data from our topological anal-
ysis to locate conserved acidic residues in the transmembrane seg-
ments of the enzyme. Seventeen of these residues were found, all of
them in subunits NqrB, D and E. Interestingly, all the acid residues lo-
cated in transmembrane helices are close to either the cytoplasmic or
periplasmic side of the membrane. There is little indication of a path-
way of binding sites to transport Na+ through the center of the mem-
brane. To investigate the roles of these acid groups, we constructed
mutants in which these residues were individually replaced by ali-
phatic groups, which should interact poorly with Na+. Of the seven-
teen mutants, seven showed signiﬁcant inhibition of their catalytic
activity [64]. These seven mutants can be divided into two groups,
depending on the functional changes that result from the mutation.
This grouping correlates with the side of the membrane on which
the mutated residue is situated.
For one group of residues, located near the cytosol (NqrB-E144,
NqrB-D397, NqrD-D133 and NqrE-E95), replacement of any of the
acid groups by an aliphatic one, leads to a decrease of 10 times or
more in the apparent afﬁnity for Na+ in steady-state conditions. On
this bases, these resides were proposed to be part of the cation bind-
ing site(s).
NqrB-D397 is likely the most important ligand, since the turnover
rate of the NqrB-D397A mutant shows no saturating behavior with
respect to Na+. This indicates either that the mutant has an extremely
low afﬁnity for Na+, or that sodium uptake is so severely impeded
that it is always rate limiting.
For the second group of residues, located near the periplasm (pos-
itive side of the membrane) (NqrB-E28, NqrB-D346 and NqrD-D88)
replacement by an aliphatic amino acid, resulted in a large decrease
in the quinone reductase activity of the enzyme and its Na+ sensitiv-
ity, but almost no effect on the apparent Na+ afﬁnity. This is consis-
tent with a role for these residues in an exit pathway through the
membrane for Na+.The properties of these mutants suggest that Na+ translocation
and the electron transfer reactions are tightly connected.
7. Coupling mechanism
7.1. Models of Na+ pumping based on direct coupling
Rich, Dimroth and Bogachev [56,84,85] have all proposed models
in which the reduction of a single cofactor (the 2Fe-2S center, ubiqui-
none or a ﬂavin cofactor, respectively) is directly coupled to the up-
take of sodium from the cytoplasm, and the oxidation of the
cofactor is coupled to ejection of Na+ to the periplasm. These
schemes are derived from models of redox-driven H+ pumps where
the site of H+ binding is typically part of the redox cofactor itself.
Their operating principle has been described as the preservation of
“electroneutrality” in the vicinity of the redox cofactor—in effect,
that coupling arises from a coulombic interaction between the elec-
tron and the H+, or in the case of Na+-NQR, between the electron
and the Na+ ion.
The “directly coupled” pumping mechanisms of these models can
be described as “local” in the sense that the connection between the
redox events and the uptake and release of Na+ operates over short
distances through essentially chemical interactions, rather than
through conformation changes of the protein. Mechanisms like this
would also be expected to have a high degree of “thermodynamic
coupling,”meaning that the afﬁnity of the binding site for Na+ is con-
trolled by the redox state of the cofactor.
The main experimental support for thermodynamic coupling in
Na+-NQR comes from NMR studies in which Bogachev et al. [86]
measured the linewidth of the 23Na band from Na+ in solution, in
the presence of reduced and oxidized forms of Na+-NQR. If Na+ in so-
lution is in rapid exchange with Na+ bound to an enzyme, the 23Na
resonance will be broadened, with the degree of linebroadening a
function of the binding afﬁnity. The authors reported that the 23Na
resonances from both the reduced and oxidized enzyme samples
were broadened compared to the signal from a sample without en-
zyme, but that the linewidth in the reduced enzyme sample was sig-
niﬁcantly larger than in the oxidized one. They calculated that the
binding afﬁnity of the enzyme for sodium is 24 mM in the oxidized
form and as high as 30 μM in the reduced form.
An interaction of this kind must be reciprocal; if reduction of one
of the cofactors causes afﬁnity for Na+ to increase, the binding of
Na+ will stabilize the reduced form of the cofactor. In the case of
the strong coupling, expected for directly coupled systems, the
redox-midpoint-potential of the cofactor will increase by 60 mV for
every 10-fold increase in Na+ concentration. However, Bogachev
and coworkers also carried out redox titrations of Na+-NQR at differ-
ent Na+ concentrations, and found no apparent dependence [80].
More recently, direct equilibrium measurements of the binding of
Na+ to Na+-NQR, made in our laboratory, using 22Na+ found no
redox dependent changes in either the number of Na+ bound to
Na+-NQR or the afﬁnity of this interaction [48]. It is important to
note that the NMR method depends on rapid exchange of Na+ be-
tween solution and the binding site [86], a requirement that may
not have been met under the experimental conditions tested. Thus,
it is possible that the changes in the linewidth of the NMR spectra re-
ﬂect a change in the kinetics of Na+ binding, and not change afﬁnity.
It also evident that driving force is distributed fairly evenly along
the steps of the enzyme's electron transfer pathway and that there
is no cofactor whose reduction and oxidation are highly exergonic,
as might be expected for a mechanism of the kind envisioned by the
earlier models.
This failure, thus far, to ﬁnd evidence of thermodynamic coupling
between the redox and Na+ reactions of Na+-NQR, argues against di-
rectly coupled models like those cited above. An alternative is indirect
coupling in which the redox reactions and the capture of Na+ take
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tional changes of the protein. In such a scheme, the redox reaction
could be accelerated, not by modiﬁcation of the thermodynamic
properties of the redox centers but through a decrease in activation
barriers linked to steps in Na+ translocation.
7.2. Functional studies to identify coupled-reaction steps
A crucial point to understand the mechanism of Na+-NQR is to de-
termine the redox steps that are linked to the pumping of Na+ across
the membrane. Our group addressed this question by analyzing the
electron transfer kinetics in some of the acid groupmutants described
above that are unable to transport Na+ [81]. We have previously
shown that NqrB-D397 forms part of a sodium-uptake/binding site
and that NqrB-D346 is likely involved in a sodium exit pathway
[64]. In the case of NqrB-D397A, the 2Fe-2S→FMNC step is severely
impaired; this is also the main Na+ dependent step in the reaction
[49]. This indicates that the reduction of FMNC is directly involved
in the capture of sodium from solution. In the case of the mutant
NqrB-D346A, the electron ﬂow is inhibited at the FMNB→ Riboﬂavin
step, which indicates that this step is involved in the release of sodi-
um to the periplasm. This was corroborated by “single-turnover
ΔΨ” measurements. In these experiments, a voltage-sensitive dye
was used to follow the generation of membrane potential during
the reduction of the enzyme by NADH. First, the reaction was carried
out by adding NADH in the presence of ubiquinone, which led to
steady-state turnover, accompanied by a clear formation of ΔΨ.
Next, the experiment was repeated without ubiquinone, so the reac-
tion ended after all cofactors were reduced. This reaction produced a
smaller ΔΨ, but its amplitude was signiﬁcant, showing that reduction
of the enzyme alone, without oxidation by quinone, is sufﬁcient to
generate ΔΨ. Incubation of the enzyme with ubiquinol has been
shown to reduce only Riboﬂavin, leaving the upstream cofactors oxi-
dized. When this is done prior to addition of NADH, it has the effect of
preventing the electron transfer from FMNB to Riboﬂavin. This trun-
cated redox reaction produced essentially no ΔΨ. Together with the
previous results, this indicates that electron transfer from FMNB to Ri-
boﬂavin is coupled to Na+ pumping. These measurements were also
carried out on some of the Na+-NQR mutants that lack speciﬁc cofac-
tors. In all cases, truncating the reduction reaction at an earlier point
abolished any generation of ΔΨ. The overall picture that emerges
from these results is that Na+-NQR does not operate through a singleD
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Fig. 6. Schematic representation of conformational changes involved in Na+ translocation du
2S center to FMNC controls Na+ uptake from the cytosol. Sodium release: electron transferside coupling mechanism. Na+ is taken up from solution during the
2Fe-2S→FMNC step and is subsequently transported across the
membrane dielectric and released into solution when FMNB transfers
electrons to Riboﬂavin (Fig. 4). Together, these results argue against
any important role of direct coupling in the mechanism of Na+-NQR.
Hirst [87] has pointed out that locally coupled mechanisms are not
consistent with the understood requirements of Na+-binding to pro-
teins. In particular, the interaction between the reduction process and
ion binding is unlikely to be strong enough to support ion transloca-
tion. Direct coupling cannot explain how the enzyme prevents pro-
tons from binding to the “coupling cofactor” – semiquinone radical
– in other words, how the enzyme is selective for sodium. Further-
more, the conditions of a low dielectric environment, necessary for
the electroneutral capture of sodium, might not be found in biological
sodium binding structures. While protons can be easily taken by a
single electronegative atom, producing an intermediate with no net
charge, the binding of sodium typically occurs in highly hydrophilic
environments, at multi-dentate binding sites consisting of six polar
residues [88]. This is consistent with our ﬁnding that in Na+-NQR at
least three acid residues play important roles in the Na+-binding
site(s). Also, the lack of pH dependence of the cofactor midpoint po-
tentials strongly indicates that the cofactors are not accessible to the
aqueous environment and consequently to sodium. Our analysis of
cation selectivity showed that the enzyme has the same afﬁnity for
sodium and lithium, but at saturating concentrations, lithium stimu-
lates the activity only 1/3 as much as sodium. Localized coupling can-
not account for the cation selectivity of the enzyme, because under
this mechanism any cation that has access to the “coupling cofactor”
should produce the same effect as the natural coupling ion, in this
case sodium.
Thus, there is mounting evidence that the direct coupling mecha-
nism is not compatible with the physical properties of sodium. All of
this suggests that Na+-NQR has a novel mechanism that operates
according to different principles than those usually invoked to ex-
plain H+ pumps, and it is possible that this enzyme has more in com-
mon with other, non-redox driven Na+ transporters than with its
fellow respiratory complexes.
7.3. Indirect mechanism of coupling
We propose that the mechanism of Na+-NQR has several novel
features for a redox-driven enzyme. 1) Rather than occurring at aD
Sodium Release
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ring the catalytic mechanism of Na+-NQR. Sodium capture: electron transfer from 2Fe-
from FMNB to Riboﬂavin controls Na+ transport and release to the periplasm.
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tion involves at least two distinct electron transfer steps, which do
not share any common cofactor: Na+ uptake occurs during the
2Fe-2S → FMNC redox step, while movement of Na+ across the
membrane, it likely its release into the periplasm, occur during the
FMNB→ Riboﬂavin redox step; 2) Coupling between the redox reac-
tions and Na+ pumping is indirect, and is likely to be mediated by
conformational changes of the enzyme. In the FMNB → Riboﬂavin
step, during which generation of membrane potential takes place,
the acid residues that facilitate Na+ movement are located near the
periplasmic side of the membrane, whereas the cofactors where the
redox reaction takes place are on the cytoplasmic side of the mem-
brane, too great a separation for a direct interaction. This is consistent
with the case, described above, that the chemistry of Na+-protein in-
teractions is sufﬁciently different from that of H+-protein interac-
tions as to make direct coupling unlikely. The paucity of evidence
for interactions between the redox reactions and Na+ in equilibrium
conditions, argues against the thermodynamic linkage that might
be expected for a directly coupled pump mechanism; it is however
possible that thermodynamic linkage occurs, but is only manifest in
kinetic intermediates that are not accessible in equilibrium condi-
tions. 3) As in other Na+ translocating enzymes, movement of the
Na+ through the hydrophobic membrane is likely to be facilitated
by conformational changes of the protein (which already appear to
be needed for coupling) as well as internal water cavities. A scheme
incorporating these features is shown in Fig. 6. These new ideas
about the mechanism of Na+-NQR are the subject of current investi-
gations in our group.Acknowledgements
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